The gene function of the locus of enterocyte effacement (LEE) is essential for full virulence of enterohemorrhagic Escherichia coli (EHEC). Strict control of LEE gene expression is mediated by the coordinated activities of several regulatory elements. We previously reported that the ClpX/ClpP protease positively controls LEE expression by down-regulating intracellular levels of GrlR, a negative regulator of LEE gene expression. We further revealed that the negative effect of GrlR on LEE expression was mediated through GrlA, a positive regulator of LEE expression. In this study, we found that the FliC protein, a major component of flagellar filament, was overproduced in clpXP mutant EHEC, as previously reported for Salmonella. We further found that FliC expression was reduced in a clpXP grlR double mutant. To determine the mediators of this phenotype, FliC protein levels in wild-type, grlR, grlA, and grlR grlA strains were compared. Steady-state levels of FliC protein were reduced only in the grlR mutant, suggesting that positive regulation of FliC expression by GrlR is mediated by GrlA. Correspondingly, cell motility was also reduced in the grlR mutant, but not in the grlA or grlR grlA mutant. Because overexpression of grlA from a multicopy plasmid strongly represses the FliC level, as well as cell motility, we conclude that GrlA acts as a negative regulator of flagellar-gene expression. The fact that an EHEC strain constitutively expressing FlhD/FlhC cannot adhere to HeLa cells leads us to hypothesize that GrlA-dependent repression of the flagellar regulon is important for efficient cell adhesion of EHEC to host cells.
Enterohemorrhagic Escherichia coli (EHEC) is an important class of diarrheagenic E. coli associated with severe diseases, such as hemorrhagic colitis and hemolytic uremic syndrome (reviewed in references 20 and 55) . The majority of EHEC strains share with enteropathogenic E. coli (EPEC) and Citrobacter rodentium an island of pathogenicity determinants within their genomes termed the locus of enterocyte effacement (LEE) (52) . The LEE is responsible for the production of attaching and effacing lesions, which are characterized by disruption of microvilli and formation of actin-accumulated pedestal-like structures beneath bacteria attached to intestinal epithelial cells (53) .
The LEE encompasses 41 genes, which encode structural components of the specialized type III protein secretion system (T3SS), translocator (EspA, -D, and -B) and effector proteins secreted through the LEE-encoded T3SS, chaperones, adhesin (intimin), and the intimin receptor, Tir (16, (34) (35) (36) (37) . The LEE genes are organized into at least five operons and are under strict regulatory control (54) . Three regulators, Ler, GrlR, and GrlA, also are encoded within the LEE: Ler is a central activator necessary for the transcription of most LEE genes (17, 54) ; GrlA and GrlR are positive and negative regulators, respectively, of ler transcription (3, 13, 47) . The negative effect of GrlR on LEE expression depends on the GrlA function (33) .
Consistent with this evidence, GrlR has been considered to interact with GrlA (11) . Therefore, in the absence of GrlR, free GrlA up-regulates LEE gene expression through Ler (3, 13, 33, 47) . Furthermore, intracellular protein levels of GrlR are regulated in a growth phase-dependent manner; GrlR levels are minimal as the EHEC cells enter the stationary phase (33) , when LEE gene expression is induced (60) .
Since LEE expression has been shown to be under the control of various regulatory elements encoded outside the locus (8, 21, 23, 24, 60, 62, 65, 66, 68-70, 74, 78) , its regulatory mechanism seems to be complicated and awaits clarification. However, it has been demonstrated that multiple pch genes (pchABC) encode positive regulators important for LEE expression and the adhesion phenotype of EHEC (32, 58) . PchABC positively regulate ler transcription and act as key regulators in response to various environmental stimuli (33) . For example, the RcsCDB phosphorelay system has been shown to control the expression of LEE both positively and negatively in EHEC (70) ; a multicopy plasmid carrying rcsB or rcsD activated transcription of LEE through a newly identified positive regulator, GrvA, while deletion of rcsB resulted in increased LEE expression via activation of pchA and pchC transcription (70) . In addition, the ATP-dependent protease complex ClpX/ClpP positively regulates LEE expression in EHEC by regulating intracellular protein levels of GrlR and RpoS (33, 72) ; the latter negatively affects LEE expression by reducing the transcription of pchA by a currently unknown mechanism (33) .
ClpXP similarly regulates the stability of many cellular pro-teins, including several transcriptional regulators (18) . In Salmonella, ClpXP negatively controls flagellar synthesis by altering the stability of FlhD/FlhC master regulators (71, 73) , which are essential for the expression of all other flagellar genes (28, 29, 42, 48) . The supramolecular structure of the flagellar-hook-basalbody complex resembles the needle structure of T3SS, and they are evolutionarily related (40) . Several lines of evidence suggest that regulatory genes for the flagellar regulon also control the expression of T3SS and subsequent virulence phenotypes in some bacteria (7, 14, 26, 31, 49, 57) . However, the biological significance and molecular mechanism of this crossregulation remain unclear. Here, we report that a LEE-encoded positive regulator, GrlA, negatively regulates flagellargene expression in EHEC by reducing transcription of the flhD operon. Our results indicate that GrlA is a key regulator of inversely regulated flagellar and LEE-encoded T3SS expression in EHEC, and this regulation may be important for efficient cell adhesion of EHEC.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used in this study are summarized in Table 1 . SKI-5142 is a Lac-negative derivative of EHEC O157:H7 strain Sakai, described previously (33) , and was used as a wild-type strain in this study. Unless otherwise specified, bacteria were grown in Luria broth (LB), and ampicillin (100 g/ml), chloramphenicol (25 g/ml), and kanamycin (50 g/ml) antibiotics were added as required. LB and LB-agar plates were prepared as described previously (32) . Motility agar plates were prepared by adding 0.25% agar (Shoei) to 1% Bacto-Trypton (Difco) broth containing 0.5% NaCl.
A one-step inactivation method was used to construct SKI-5200 as described previously (12, 32, 33) . The PCR primers used to construct SKI-5200 were 5Ј-AAACCCAATACGTAATCAACGACTTGCAATATAGGATAACGAAT CGTGTAGGCTGGAGCTGCTTC-3Ј and 5Ј-ACGGGGTGCGGTGAAACCGCA TAAAAATAAAGTTGGTTATTCTGGGTGTAGGCTGGAGCTGCTTC-3Ј.
Construction of plasmids. pGEMGA was described previously (33) . A 0.52-kbp DNA fragment of pGEMGA excised by BamHI-StuI digestion was inserted into the BamHI-NruI site of pACYC184 to yield pACGA. Plasmids pGEMF HDC and pGEMGR were constructed by cloning PCR-amplified flhDC and grlR genes, respectively (primers for pGEMFHDC, 5Ј-CGGGATCCCGGAGAAAC GACGCAATCCCAA-3Ј and 5Ј-GAAGGCCTTCAATGTTGCGCCACACCG TAT-3Ј; for pGEMGR, 5Ј-AACAAATTGAAAGGAGTGAG-3Ј and 5Ј-ATCG ACATAAAAAACATACA-3Ј), into pGEM-T-Easy vector (Promega). Plasmids pACFHDC and pAC177FHDC were constructed by cloning a BamHI-StuI fragment of pGEMFHDC into the BamHI-NruI site of pACYC184 (9) and the BamHI-ScaI site of pACYC177 (9), respectively. Plasmids pRLFHD, pRLFGA, and pRLFIC contain PCR-amplified DNA fragments encoding transcriptionalregulatory sequences of flhD, flgA, and fliC, respectively, as deduced from E. coli and Salmonella sequences (10, 25, 29, 64, 76) . These three plasmids were cut with KpnI and EcoRI to excise the promoter fragments, which were ligated into the corresponding sites of a promoter-probe vector, pRL124 (51) . For pRLFHD, a 0.74-kbp DNA fragment including Ϫ717 to ϩ23 relative to the flhD initiation codon (the region corresponding to Ϫ527 to ϩ212 with respect to the transcriptional start site determined in the E. coli K-12 laboratory strain) (64) was similarly generated by PCR (5Ј-GGGGTACCCCGAGAAACGACGCAATCC CAA-3Ј/5Ј-CGGAATTCCGTCGGAGGTATGCATTATTCC-3Ј). For pRLFGA, a 0.25-kbp DNA fragment including Ϫ182 to ϩ24 relative to the flgA initiation codon was amplified (5Ј-CGGAATTCCGCACGCTACGTTTTATTGCCA-3Ј/5Ј-GGGGTACCCCTAAGGCGGCGTCGAGCTTAT-3Ј). For pRLFIC, a 0.31-kbp DNA fragment including Ϫ281 to ϩ35 relative to the fliC initiation codon was isolated (5Ј-GGGGTACCCCATGAAATACTTGCCATGCGA-3Ј/5Ј-CGGAATT CCGCAGCGAGAGGCTGTTGGTAT-3Ј). All of these promoter fragments were similarly cloned into pRL124. pRLLER was described previously (33) .
Analysis of proteins in culture supernatant and whole-cell lysates. Bacteria were grown in LB medium with or without antibiotics at 37°C with shaking until they reached an optical density at 600 nm of 0.8. Proteins in culture supernatants and whole-cell lysates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting as described previously (30, 32, 33) . Western blotting was performed with polyclonal anti-H7 (FliC) or anti-EspB antibodies (32) to detect flagellin or EspB, respectively, in whole-cell lysates. Binding of secondary anti-rabbit (or anti-mouse) immunoglobulin G antibody conjugated to horseradish peroxidase was detected using enhanced chemiluminescence Western blotting detection reagents (Amersham). All assays were performed in duplicate and were repeated at least three times.
Assay of ␤-galactosidase activity. ␤-Galactosidase activity was assayed as described previously (30, 31, 44) . Bacteria grown in LB medium with or without antibiotics at 37°C with shaking were harvested at an optical density at 600 nm of 0.8. All assays were performed in triplicate and were repeated at least three times.
Motility assay and measurement of flagellar number. The motility of bacterial cells was measured by the spread of colonies on motility agar plates incubated for 5 to 6 h at 37°C. To count the flagella, bacterial cells grown to late logarithmic phase were fixed in formaldehyde, stained with a flagellum-staining reagent containing 0.2% Victoria blue B (Wako) as described previously (43) , and examined in an Olympus BX50 microscope. For each stained sample, the number of flagella on more than 50 bacterial cells was determined.
Adhesion and fluorescent actin-staining tests. Fluorescent actin-staining tests were performed as described previously (38) with slight modifications. Briefly, HeLa cells maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% (vol/vol) fetal bovine serum (Invitrogen) were plated onto coverslips (Fisher Scientific) in a 24-well plastic plate (Corning) at 1 ϫ 10 5 cells/ml and incubated for 24 h in the presence of 5% CO 2 . After the HeLa cells were washed three times with DMEM without fetal bovine serum, 10 7 EHEC cells cultured overnight at 37°C with shaking in DMEM containing 0.5% (wt/vol) glycerol with or without antibiotics were inoculated into each well, and the plastic plate was centrifuged at 1,000 ϫ g for 5 minutes and then incubated for 1 h at 37°C in the presence of 5% CO 2 . The cells were then washed three times with phosphate-buffered saline (PBS) and incubated for an additional 3 hours, after which the monolayers were washed six times with PBS, fixed in 3% paraformaldehyde for 15 min, permeabilized in 0.2% Triton X-100, and then incubated in blocking solution (Yukijirushi) for at least 1 hour. The cells were then washed twice in PBS and incubated with PBS containing 1 mg/ml bisbenzimide H33342 (Calbiochem) and rhodamine-phalloidin (Molecular Probes) for 30 min. After three washes with PBS and one with water, the coverslips were air dried and observed using an Olympus BX51. Images were captured with a digital charge-coupled-device camera (Hamamatsu). The adherence of each strain was evaluated quantitatively by plating adherent bacteria on LB agar plates with ampicillin or kanamycin after incubation with 0.2% (final concentration) Triton X-100 in PBS for 20 min at room temperature. All assays were performed in duplicate and were repeated at least four times. The statistical significance was expressed as the P value as determined by a Student t test analysis.
RESULTS
The GrlR-GrlA system controls FliC expression in EHEC. We previously reported that the ATP-dependent protease complex ClpXP positively controls LEE expression by regulating GrlR protein levels in EHEC (33) . During further studies characterizing the clpXP mutant, we noticed that cells of the clpXP deletion strain secreted large amounts of protein into LB culture supernatants (Fig. 1A) . The approximate molecular mass of the protein band (60 kDa), estimated by SDS-PAGE analysis was similar to that of flagellin (FliC), the component protein of the flagellar filament. Western blotting analysis using polyclonal anti-H7 (FliC) antibodies (Fig. 1B) confirmed that ClpXP in EHEC also negatively regulates FliC expression, as previously reported for Salmonella (71) .
We further observed that the amount of FliC in culture supernatants decreased significantly in strains with a deletion of grlR (Fig. 1A) , which encodes a negative regulator of LEE expression (13, 47) . This reduction was also observed in wholecell samples, whereas the amounts of cross-reacting protein bands were unchanged (Fig. 1B) . Since steady-state levels of FliC in the wild-type strain were abolished by a grlR deletion (Fig. 1B) , we hypothesized that the expression of flagellar proteins is positively regulated by GrlR. In contrast, expression of LEE-encoded type III secreted translocator proteins (such as EspA, -B, and -D) in the grlR strain was derepressed in the same LB cultures (Fig. 1A and C) , as shown in previous studies (33, 47) . We also examined FliC protein levels in the same strains cultured in DMEM, conditions under which LEE expression is induced. It was found that the expression level of FliC was very low in the wild-type strain, as described previously (22, 79) , and was not significantly increased even in the strain with clpXP deleted (data not shown).
Because induction of LEE expression in the grlR mutant depends on the function of GrlA (33), a positive regulator of LEE, we compared the expression level of FliC in wild-type, grlR, grlA, and grlR grlA strains. The FliC band was absent in the grlR strain but present in the grlA and grlR grlA strains ( Fig.  2A) . Given that grlR deletion upregulates the expression of GrlA, as well as other LEE-encoded proteins (13, 33, 47 ; our unpublished data), and that GrlR is hypothesized to interact with GrlA (11), FliC expression in the grlR mutant may be inhibited by GrlA. To test this hypothesis, we examined FliC expression in a strain carrying multicopy plasmids with the grlA gene (pGEMGA and pACGA). As predicted, FliC expression in the wild type and/or a grlA mutant was significantly reduced in the presence of pGEMGA (Fig. 2B) or pACGA (Fig. 2C) , indicating that GrlA participates in the repression of flagellar synthesis. A similar reduction was observed in a ler mutant strain harboring pGEMGA (Fig.  2B) or pACGA (Fig. 2C) , suggesting that unlike the requirement for Ler in the GrlA-dependent activation of LEE (13) (Fig. 2C) , repression of FliC by GrlA does not require Ler function.
The GrlR-GrlA system controls the flagellar formation and function of EHEC. To examine whether the GrlR-GrlA regulatory system affects flagellar formation and function, we compared the motility phenotypes of wild-type, grlR, grlA, and grlR grlA EHEC strains on motility agar plates. A significant reduction in EHEC cell motility in the grlR strain, but not in the grlA or grlR grlA strain (Fig. 3A) , indicated that GrlA negatively regulates EHEC motility in the absence of GrlR. Furthermore, because multicopy plasmids carrying grlA, but not grlR, strongly repressed motility (Fig. 3B) , we concluded that GrlA-dependent FliC repression affects the flagellar function of EHEC. In agreement with these observations, fewer flagella were stained with Victoria blue in the grlR mutant, with the mean number of flagella per cell being 3.1 in the wild type and 0.99 in the grlR mutant strain (Fig. 3C) .
Transcription of the flagellar master operon is under the control of the GrlR-GrlA system. More than 50 genes are involved in the formation and function of flagella in E. coli and Salmonella (50) . They are organized within more than a dozen operons and can be classified into three hierarchical classes (classes 1, 2, and 3), which together form the flagellar regulon (39, 42, 43) . Class 1 is a single operon composed of the flhD and flhC genes (4, 39, 41) , which are essential for the expression of all other flagellar genes (29, 48) . Class 2 operons contain genes essential for the formation of the hook-basal body and the FliA-sigma factor, all of which are responsible for the transcription of class 3 genes (42, 56) . The components necessary for the formation of the flagellar filament and functions 
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GrlR-GrlA SYSTEM CONTROLS FLAGELLAR REGULON IN EHEC 5685 (motility and chemotaxis) are encoded by the genes belonging to class 3 operons (42). To locate a possible GrlA target site on the flagellar regulon, we measured the transcriptional activities of several flagellar promoters by fusing the transcriptionalregulatory regions of flhD (for measuring flagellar class 1 transcription), flgA (for class 2), and fliC (for class 3) to lacZ in pRL124 as described in Materials and Methods. ␤-Galactosidase activity mediated by each of these three promoters (on plasmids pRLFHD, pRLFGA, and pRLFIC), as well as the ler promoter (on pRLLER) (33), was higher than that of the promoterless vector (pRL124) in the wild-type strain ( Table 2 ), indicating that all plasmids contained functional promoters. The activities of all the flagellar promoters were reduced in the grlR strain and slightly increased in the grlA and grlR grlA strains relative to those in the wild type, while the activity of the ler promoter was inversely derepressed in the grlR strain but reduced in the grlA strain (Table 2 ). These results indicate that these promoters are under the control of the GrlR-GrlA system. The transcriptional activity of flhD in the grlR mutant strain was decreased only twofold compared to that in the wild type. Hence, we further examined the effects of a multicopy of grlA on the transcriptional activities of flagellar promoters. Although the flgA and fliC promoters were significantly reduced in the presence of multicopy grlA (pACGA), the flhD promoter in the presence of pACGA still exhibited approximately twofold-lower activity than that in the strain with FIG. 3 . Motility phenotypes of wild-type (WT), grlR, grlA, and grlR grlA strains of EHEC (A) and the wild-type strain with pGEM-self (control vector), pGEMGR (carrying grlR), or pGEMGA (carrying grlA) plasmid (B). (C) Cells grown in 1% Bacto-Trypton broth containing 0.5% NaCl were stained with Victoria blue as described in Materials and Methods. The following strains were used: WT, SKI-5142; grlR, SKI-5152; grlA, SKI-5153; and grlR grlA, SKI-5154 (A and/or C) and pGEM-self, SKI-5142 with pGEM-self; grlR ϩ , SKI-5142 with pGEMGR; and grlA ϩ , SKI-5142 with pGEMGA (B). pACYC184 (Table 3) . Consistent with these observations, several other mutations that affect flagellar expression reduced the transcription of the flhD operon by 2-to 3-fold but decreased FliC expression more than 10-fold in E. coli K-12 strains or an EHEC O157:H7 strain (46, 61, 64, 67) . Together, this evidence suggests that the reduction of the flhD operon observed in the grlR strain is due to the effect of GrlA, and the twofold reduction alone may be enough to reduce the entire activity of the flagellar regulon. Constitutive expression of FlhD/FlhC inhibits efficient adhesion of EHEC to HeLa cells. The results presented above led us to hypothesize that repression of flhD transcription by GrlA may be necessary for EHEC adherence to host cells, because reduction of the flagellar regulon was observed in the grlR strain, a condition under which LEE expression is significantly induced (33, 47) . To test this hypothesis, flhD and flhC genes cloned from the wild-type EHEC into pGEM-T-Easy or pACYC177 (designated pGEMFHDC and pAC177FHDC, respectively) were introduced into wild-type and grlR strains, and the effect of constitutive FlhDC expression on EHEC adhesion to HeLa cells was examined. The strains transformed with pGEMFHDC or pAC177FHDC were highly motile on motility agar and produced high levels of flagellin even when they were grown in DMEM (data not shown). Figure 4A depicts wild-type Sakai microcolonies on cultured HeLa cells, with intense accumulations of stained actin beneath bacterial attachment sites. The grlR mutant cells transformed with the control vector (pGEM-self) adhered to HeLa cells more efficiently than wild-type cells with pGEM-self. Neither strain with pGEMFHDC adhered to HeLa cells or showed fluorescent actin staining, suggesting that constitutively expressed FlhD/FlhC inhibit efficient adhesion of EHEC to HeLa cells. The in vitro adherence levels of these strains were then compared by quantitative assay (Fig. 4B) . The introduction of plasmid pGEMFHDC produced significantly reduced adherence in wild-type (1.9%; P Ͻ 0.001) and grlR mutant (0.93%; P Ͻ 0.001) strains relative to those strains with vector control (pGEM-self). We obtained the same results when the wild-type strain was transformed with pACYC177 or pAC177FHDC and used for adhesion assays (data not shown); the strain harboring pAC177FHDC did not efficiently adhere to HeLa cells. Therefore, we hypothesize that GrlA-dependent repression of the flagellar regulon is important for efficient adhesion of EHEC to host cells.
These results also suggest that constitutively expressed flagella may have a deleterious effect on efficient adhesion of EHEC to HeLa cells. To test this hypothesis, we constructed a fliC mutant of EHEC (designated SKI-5200) transformed with pGEM-self or pGEMFHDC and performed the same adhesion assay. The fliC mutant with pGEM-self showed an adhesion phenotype comparable to that of the wild-type strain carrying pGEM-self: constitutive expression of FlhDC reduced adhesion of EHEC to HeLa cells even in the fliC mutant (data not shown). These results suggest that overproduced flagellar filament is not the sole reason for the reduction of cell adhesion. Other genes under the control of FlhDC may have deleterious effects on the adhesion of EHEC to host cells.
DISCUSSION
In the present study, we demonstrate that the GrlR-GrlA regulatory system coordinately controls the expression of not only LEE genes but also the flagellar regulon in EHEC. When we compared the expression levels of FliC in several strains of EHEC, reduction of FliC expression was observed in the grlR mutant but not in the grlR grlA mutant. Additionally, overproduced GrlA from a multicopy plasmid strongly repressed FliC expression and the motility of EHEC, indicating that GrlA is responsible for reducing the expression of the flagellar regulon. Conversely, LEE expression was strongly derepressed in the grlR mutant and induced by the introduction of a plasmid carrying grlA, as reported previously (3, 13, 33, 47) . Intracellular GrlR levels in wild-type EHEC have been shown to decrease gradually as culture times increase and to achieve minimum levels in stationary-phase cultures (33) . Therefore, this reduction of GrlR levels, which leads to the derepression of GrlA (our unpublished data), is a key event in the inverse regulation of flagellar and LEE gene expression, as summarized in Fig. 5 . Consistent with this model, maximum expression of a LEE gene transcription was observed as bacterial cells entered the stationary phase (60). As described above, flagellin expression is highly induced in clpXP-mutant EHEC. This may be due to the increased stability of FlhD/FlhC, as hypothesized for Salmonella (73) . Since the protein levels of intracellular GrlR have also been regulated by ClpXP in EHEC (33), ClpXP directly and indirectly controls flagellar expression in EHEC by regulating the FlhD/FlhC and GrlR levels, respectively (Fig. 5) . Other than these regulatory systems, LEE expression has been shown to be under the control of various regulatory elements: bacterial histone-like proteins, such as H-NS (8, 74) , Hha (60), IHF (21) , and Fis (23); the quorumsensing system (65, 66, 68) ; and other factors, such as GadX (62), YhiE (GadE)/YhiF (69), BipA (24), GrvA (70) , and EtrA/EivF (78) . Therefore, these regulators should also be depicted properly in the regulation model in Fig. 5 . Further studies integrating these regulatory networks must be done. Our results indicate that GrlA-dependent repression of flagellar synthesis does not require Ler, although this protein is a central regulator and is indispensable for the GrlA-dependent activation of LEE expression (13) . To our knowledge, this is the first report that GrlA controls the expression of non-LEE genes without Ler function.
We also show that GrlA represses transcription of flhD, the master operon of the flagellar regulon. Although GrlA has a putative helix-turn-helix DNA-binding motif (13) and activates ler transcription even in an E. coli K-12 background (3), attempts to verify the DNA-binding activity of GrlA have been not successful (3) . Therefore, the molecular mechanisms by which GrlA activates and represses ler and flhD transcription remain unknown. Since the transcription of the flhD operon has been shown to be under the control of multiple regulatory In a mouse model, GrlA is essential for full virulence of C. rodentium (13) , indicating that the activation of LEE expression by GrlA is necessary for virulence. This finding raises the possibility that repression of the flagellar regulon, as well as LEE activation by GrlA, is also important for the establishment of EHEC infection. To test the effect of constitutive expression of the flagellar regulon on the LEE-mediated adhesion phenotype, we constructed EHEC strains transformed with a multicopy plasmid carrying flhDC and examined their adhesion phenotypes. The fact that the strain constitutively expressing FlhDC did not efficiently adhere to HeLa cells suggests that appropriate reduction of flagellar-gene expression is necessary for the adhesion phenotype of EHEC. Consistent with these observations, a mutant of E. coli strain K-12, MG1655, with flhDC deleted can colonize the mouse intestine more efficiently than the parent strain (45) . In Bordetella bronchiseptica, a causative agent of human respiratory diseases, flagellar synthesis and virulence gene expression are coordinately regulated by a two-component regulatory system, BvgA/ BvgS, in response to environmental signals. Activated BvgA, which positively regulates the transcription of several virulence genes, including adhesin and toxin, inversely represses transcription of frlAB, an analogue of flhDC (2) . Constitutive expression of FrlAB in BvgAS-activated cells resulted in defective tracheal colonization by B. bronchiseptica (1) , demonstrating that B. bronchiseptica down-regulates FrlAB expression to circumvent the inappropriate expression of the gene under the control of FrlAB.
In the EPEC O127:H6 strain E2348/69, most of the bacterial cells attached to the actin pedestals were flagellated at an early stage of infection of HeLa cells, while many cells associated with actin pedestals at a later stage of infection did not form flagella (77) . Therefore, EPEC may repress flagellar synthesis at later stages of attaching and effacing lesion formation if strain E2348/69 has the same GrlA-dependent regulatory system for reducing flagellar expression. Because purified H6 (but not H7) flagella can bind to HeLa cells (22) and nonflagellated fliC mutant cells of E2348/69 were less adherent and were not able to produce typical large microcolonies on HeLa cells compared with the wild-type strain (22), H6 but not H7 flagella seem to be important for initial attachment of the E2348/69 strain to HeLa cells. However, both H7 and H6 flagellins from EHEC O157:H7 strains 86-24 and E2348/69, respectively, have been shown to be the main triggers inducing the expression of a neutrophil chemoattractant, interleukin-8, in human intestinal epithelial cells (5, 79) . Therefore, not only the EHEC but also the EPEC strain may need to down-regulate flagellar synthesis to circumvent the immune responses of host cells at a specific stage of their infection process. Consistent with this, inversely regulated expression of flagellar and LEE-encoded T3S systems in EPEC has been reported: BipA, a positive regulator for LEE gene expression, negatively regulates bacterial-cell motility in EPEC (24) .
Given that flagellar filaments achieve lengths of more than 5 m and that each reversibly rotating flagellum consists of approximately 20,000 subunits of flagellin (50) , strict control of flagellar synthesis may be necessary to minimize the energy expense of survival in changing environments. Alternatively, repressing flagellar formation may be important to avoid steric hindrance for polymerizing the EspA filament, which is essential for translocating effector proteins into host cells (38) . When a plasmid overexpressing FlhDC was introduced into the fliC mutant of EHEC, the resulting transformants still did (7, 26) . Superstructures of the flagellar hook-basal body and needle complexes of T3SS are similar, and the genes encoding their components are phylogenetically related (40) . Regulatory interactions between flagellar and other T3S systems have been reported in several bacteria (57) . For example, a positive regulatory gene in the flagellar regulon, fliZ, also activates the expression of Salmonella pathogenicity island 1 genes and the virulence phenotype of Salmonella (31, 49) . In contrast, as shown here, the positive regulator GrlA that is encoded within a LEE pathogenicity island negatively regulates flagellar expression. Additionally, putative regulators, EtrA and EivF, encoded in E. coli T3SS-2 (ETT2) negatively regulate LEE expression, even though ETT2 seems to be defective in the EHEC O157 Sakai strain (78) . Links between T3S regulatory systems may be important for survival under various environmental conditions, including those within host cells. Future studies of coupled or mutually exclusive expression of T3S systems in various environments will further extend our understanding of the roles of these control systems in infection by each pathogenic bacterium.
